Summary. The yields of 28 underground nuclear explosions at NTS (25 on Pahute Mesa) are estimated by applying a relative waveform analysis called intercorrelation to 1256 teleseismic short-period P-waves recorded at 74 WWSSN and CSN stations. Corrections for the effects of p P interference and yield-scaling of the explosion source functions are determined and applied to the waveforms, enabling analytical comparison of signals from events with different yields and burial depths. The procedure accounts for common receiver and propagation effects. Relative explosion source strengths in the 0.5-2.0 Hz frequency band are determined, with results of near-field modelling of strong ground motions establishing the absolute source spectral levels. Four events with detailed near-field models are used as master events in the intercorrelation process, and it is demonstrated that the relative source strengths are better resolved than the absolute values. Events with announced yields are used to determine empirical relations between yield and source strength, which in turn predict the yields of the other events. These yield estimates are shown t o be comparable with those obtained by standard mb and relative amplitude analysis. The analytical waveform comparisons also provide estimates of the pP parameters for each event, and criteria for identifying anomalous events, such as PIPKIN and MUENSTER, for which the waveforms differ from those of other events in the test site. Possible mechanisms affecting the anomalous events are considered. Pahute Mesa is shown to be a distinct subsite within NTS, with different teleseismic amplitude and waveform variations than observed at other subsites.
Introduction
The necessity of providing accurate (within 10 per cent) seismic yield estimates for underground nuclear explosions has spurred the development of new techniques that utilize more amplitude and waveform information than conventional parametric measurements such as mb. It appears that standard mb analysis cannot provide the desired accuracy due to the intrinsic complexity of short-period wave propagation in the Earth (Bache 1982) . There is 2 i ? Lay some indication that alternate measurements such as spectral magnitudes (Shapira & Kulhanek 1978; Kraft, Griffin & Baumgardt 1982; Bache, Day & Savino 1979) ; coda magnitudes (Baumgardt 1983; Ringdal 1983) ; relative waveform comparisons (Mellman & Kaufman 1981; Lay, Burdick & Helmberger 1984a) ; or forward models (e.g. Bache et al. 1979 ) may provide more accurate yield estimates in certain cases. The latter techniques all attempt to reduce the influence of the poorly understood time domain amplitude fluctuations, which are ubiquitous for narrow band recordings. This is accomplished by extending the frequency band over which the waveform measurement is made. Of course such utilization of complete waveform information comes with the cost of requiring a more complete understanding of the source and propagation contributions to the signals.
One technique with potential for improving our yield estimation ability and understanding of events within a particular test site, is the intercorrelation procedure developed by Lay et al. (1984a. hereafter referred to as Paper 1). This relative waveform analysis involves analytical comparison of teleseismic short-period P-waves from two nuclear tests recorded at a given station. Differences in the two waveforms are mapped into a simple parameterization of the transfer function that differs between the events. If the events are of similar size and have epicentres sufficiently close together that the path and receiver properties are the same, the varying transfer function for each event can be idealized as a spike train consisting of P and pP arrivals. If the source sizes differ substantially, yield-scaled source functions must be included in the transfer functions. Additional complexity due to crustal reverberations or slapdown phases resulting from spa11 can be incorporated if necessary. The waveforms are equalized by convolving the observation for each event with the effective source function (consisting of the source time function convolved with the surface interaction spike train) for the other event, as shown in Fig. 1 . By minimizing the waveform differences in the intercorrelated signals for a large number of stations simultaneously, the lag times and relative amplitudes of pP and the relative source strengths can be determined. In practice, one event is treated as a master event, for which a detailed source model is independently available. An illustration of how the intercorrelation procedure accounts for waveforni differences produced by the source. In the top row the LONGSHOT observation at station ADE is convolved with the expected MILROW source function, which includes the p P arrival and the source time function. The bottom row shows the convolution of the MILROW observation at ADE with the LONGSHOT source function. The resulting signals are compared by cross-correlation. In practice this procedure is applied to many stations simultaneously.
ADE-OBSERVED SOURCE INTERCORRELATION
Estimating yield by analytical waveform comparison 3 This procedure directly accounts for common path and receiver effects without having to model them quantitatively, as is necessary for forward modelling techniques. The nature of the relative comparisons is such that differences in the effective source functions are better resolved than the absolute values of the parameters. This is actually beneficial, for it reduces the dependence of the results on the master event parameters, and enables large numbers of stations to be treated simultaneously.
The intercorrelation results can be used to predict yield by determining empirical relations between known yields and the source strengths derived in the passband of the data, or by direct use of yield-scaling relations, if such are sufficiently well known. In addition to yield estimates, intercorrelation provides complete high-frequency source models, and an objective means by which to detect events with anomalous pP behaviour or additional complexity not accounted for by the source function parameterization that was adopted. The latter application is essential to the process of defining 'distinct test sites' which are comprised of groups of events for which the relative yields can be reliably estimated. The cost for these gains is the need to have reliable source-time function representations with well-established yield-scaling behaviour, and soundly based models for the near-source surface interaction effects.
In Paper 1 the intercorrelation procedure was applied to the three underground nuclear explosions on Amchitka Island. For MILROW and CANNIKIN, the intercorrelation of a large number of WWSSN recordings gave source strength estimates in close agreement with results from near-field modelling. It was also demonstrated that using the simplest transfer function parameterization, with only P and pP arrivals and appropriate source time functions was very successful in matching the waveforms of events with yields as different as CANNIKIN (< 5000kt) and LONGSHOT (80kt). When more complicated models that include a third arrival, mimicking a slapdown phase, are used, the pP parameters obtained are slightly different, but the source strength estimates are only changed by a few per cent. Thus, the p P parameters found by intercorrelation are considered to be 'effective' pP parameters, into which deficiencies of the source parameterization are folded. Nonetheless, for the Amchitka events the pP parameters derived in the analysis are in close agreement with independent spectral and forward modelling investigations, particularly for the pP-P lag time. This indicates the predominance of the pP interaction and shows that the simple source parameterization is quite realistic.
In this paper a large teleseismic short-period P-wave data set for NTS explosions is analysed using the intercorrelation procedure and standard ?nb and relative amplitude analysis. The treatment of the data and application of the intercorrelation analysis follows the approach that would realistically be applied to analysis of events in a foreign test site, though only short-period data are used. Yield estimates from the intercorrelation and amplitude analyses are compared in lieu of having released yields for all of the events. Implications of the source models and distinct test site characteristics of NTS are considered.
Amplitude measurements and waveform data for NTS explosions
Short-period P-wave recordings from the 74 WWSSN and CSN (Canadian Seismic Network) stations shown in Fig. 2 were collected for 28 large NTS explosions. All but three of the events were located in Pahute Mesa, with the epicentres shown in Fig. 2 . The other events are FAULTLESS (150km north of Pahute Mesa), COMMODORE (Yucca Flat) and PILEDRIVER (Climax Stock). The ab (first peak-to-first trough) and bc (first trough-to-second peak) amplitudes were measured at each of the 71 stations in the distance range 25-98', resulting in 1235 and 1240 reliable measurements respectively. The waveforms were 4 T. Lay manually digitized whenever possible, yielding 1256 digitized signals. The waveforms for three stations at upper mantle distances (15-25"); SHA, PHC and FSJ, were digitized, but their amplitudes are not included in the amplitude analysis. Due to the controversy over the most appropriate amplitude measurement to make, the ab and bc amplitudes are processed in three ways. The first procedure involves correcting the amplitudes only for the gain of the instrument at 1 s period, and applying geometric spreading corrections from Langston & Helmberger (1975) to equalize the distances to 50". Measurements processed in this manner are labelled 'ab' or 'bc'. The period, T, of the first cycle of the P arrival was measured on the digitized waveforms, and these values are used to apply period-dependent instrument gain corrections to the ab and bc measurements along with the spreading corrections. These values are labelled 'Aab' or 'AbC' and are used to determine the ratios Aab/T and Abc/T The third type of weasurements are standard magnitudes: where p ( A ) are the distance factors of Veith & Clawson (1972) . The geometric spreading corrections were not applied to Aab* bc in the magnitude calculations. All of the amplitude measurements and waveforms can be found in Lay et al. (1984c,e) . For all 28 events in this study, the apparent pP delay times are greater than 0.7 s, thus the 'ab' type measurements are generally measures of the direct P arrival alone, while the 'bc' type measurements are influenced by p P interference, which varies from event to event. Thus, we anticipate a high degree of correlation between source strength estimates from 'ab' measurements and the intercorrelation results, for this set of events.
Station-path corrections for each of the six types of amplitude measurements were established using the 25 Pahute Mesa events. The path corrections were obtained after first determining event size corrections by the least squares procedure described by Butler & Ruff (1980) . Fig. 3 shows the 1096 ab amplitudes involved in this procedure, after applying the event corrections. The small scatter at each station shows that, to first order, the Pahute Mesa events all have the same basic amplitude pattern. Stations TRI and BHP have anomalous waveforms, with small percursory arrivals for which the ab amplitudes are not comparable measures of the waveform with those at other stations. The station averages for the 71 stations, normalized to have an overall mean value of 1 (or 0, for the magnitude corrections), are taken to be station-path corrections. These path corrections show a clear azimuthal pattern. European and Canadian stations at azimuths from due north to N45'E record amplitudes that are 2-3 times smaller than signals at other azimuths. This systematic azimuthal variation is discussed in detail by Lay, Wallace & Helmberger (1984b) . The path corrections for each type of amplitude measurement are tabulated in Lay et al. (1984e The application of period corrections in the amplitude measurements does not significantly affect the scatter in the station values.
The mean amplitude for each event was computed using the path corrections as weighting factors. This process eliminates the need to average the observations azimuthally or to use 
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7 maximum likelihood estimates to account for incomplete sampling. Fig. 5 . UME lies at an azimuth of N19"E while OGD is at N70" E. It is interesting to note that these stations record similar waveforms for FAULTLESS, but very different waveforms for the other events. PILEDRIVER and COMMODORE have distinctive waveforms. Among the Pahute Mesa events, HALFBEAK and CAMEMBERT have more complicated codas in the first 5 s after the P arrival, while the UME recording of MUENSTER has an unusually strong third downswing. There is less variation in the signals at OGD, which records lower frequency signals than UME. These variations are clearly the result of many phenomena, including the different source functions, the receiver functions, near source velocity structure, complex surface interactions, and intrinsic scattering properties along the paths. The variations apparent throughout the waveforms suggest that the ab or bc amplitudes are varying substantially as well. Part of the purpose of this study is to address whether these variations are deterministic and can be objectively accounted for, or whether they are stochastic to a degree that precludes the quantitative use of short-period waveforms.
Intercorrelation of NTS events
In applying the intercorrelation procedure to the NTS data, an approach was followed that would realistically be applied to events from a foreign test site. That is, given detailed information about the yields and source functions for several master events (in the present case these are obtained from near-field modelling of strong ground motions) and large teleseismic short-period P-wave data sets for the master and unknown events, the intercorrelation procedure is applied to correct the signals for the effects of surface interaction and corner frequency scaling, and the unknown source strengths are determined. In order to attain the best understanding of each source, it is envisioned that long-period P-, pS-, Rayleigh-and Love-waves recorded for each event would be analysed simultaneously by both intercorrelation and conventional analysis. Only short-period data are used in this study. A major advantage of applying the intercorrelation procedure to Pahute Mesa events is that, as was the case for the analysis of Amchitka events in Paper 1, near-field strong ground motion velocity records for several of the events have been modelled by Hartzell, Burdick & Lay (1983) . They used a modified Haskell source representation given by
where $-is the DC level source strength, K is the rise time parameter, and B governs the time function overshoot. The validity of this source function for modelling broadband data for underground nuclear explosions has been demonstrated by Burdick, Wallace & Lay (1984) and Lay, Helmberger & Harkrider (1984d) . The near-field models establish the absolute values of the source parameters for several master events. While values of K can be well-resolved once an appropriate source region velocity structure is determined, B and $-trade-off directly in the high-frequency near-field data. Hartzell et al. (1983) set B = 1 and determined corresponding values of $-, which thus may not be the actual nc level source strength if the true value of B is different or if it varies with yield. Paper 1 discussed this trade-off at length, because the intercorrelation procedure has a similar trade-off, as long as narrow band signals are used. Throughout this paper all values of $-are appropriate for B = 1, and indicate the source strength in the pass-band of the data (0.5-2 Hz). While the intercorrelation procedure is intrinsically a relative waveform analysis, and absolute source strengths are not required for determining relative source strengths, it is important to know the appropriate corner-frequency behaviour for a given test site.
Hartzell et aZ. (1983) determined the source parameters listed in Table 2 for six Pahute Mesa events. Using these parameters to predict average observed teleseismic ab amplitudes Estimating yield by analytical waveform comparison events due to non-linear contributions to the near-field velocity amplitudes. The models for JORUM and HANDLEY are based on inferior quality data, so the other four events will be used as master events in the intercorrelation analysis.
In using the source function (1) in the intercorrelation of events with different yields, it is necessary to specify or determine values of K. Since K trades-off strongly with pP lag, it is not possible to determine both by intercorrelation. A simple procedure for estimating K is adopted here, which is free of uncertainties in source scaling laws and t*. A log-log regression provided an empirical relation between the near-field determinations of K for the four master events and their teleseismic P-wave amplitudes, as measured by the inverse ab amplitude event size factors, a-', described in the previous section. The resulting expression is log K = (0.848 * 0.014) -(0.223 i 0.034) log (a;') (2) which gives the K values listed in Table 3 . Using any of the alternate average amplitude estimates given in Table 1 
predicts K scaling of the form log K a -0.22 mb.
10 T. Lay Table 3 . Empirical estimation of K E v e n t From near-field modelling.
( ) Not used to establish the K -a;' relation.
The amplitude measurements in this paper are shown below to have yield-scaling exponents from 0.77 to 0.92, which are generally consistent with (6). Keeping B = 1 and using the K values in Table 3 , the intercorrelation procedure is applied here to determine \Cl m, pP-P lag time, and pP/P amplitude for each of the Pahute Mesa events.
We follow the same procedure used in Paper 1 of adopting a reference event, specifying its pP parameters, and then stepping through the pP parameter space for the secondary event.
As in Paper 1 , two norms are used to appraise the intercorrelations for each case. The first is a waveform norm given by
where n is the number of stations and ccci is the optimal lag normalized cross-correlation coefficient for the ith station intercorrelation. This norm is minimized for the best selection of ppparameters. The second norm is used to determine the unknown \Clw since it retains the absolute amplitude information. It is given by the optimal cross-correlation lag time integral where li(t) is the convolution of the seismogram recorded at station i for the first event with the source function of the second event, and Ji(t) is the convolution of the seismogram recorded at station i for the second event with the source function for the first event. The wi are weights applied to give uniform contribution for each station, and are here taken to be the inverse square of the ab path correction for each station. N , is minimized for the optimal \Clw for the second event.
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To specify the pP parameters for the reference events we have used as starting values the p P delays for BOXCAR and SCOTCH given by Springer (1974) . These delays are estimated from surface recordings near the shot points indicating the arrival time of the upgoing P-waves. Similar information would probably be available for a calibration shot, otherwise spectral techniques can provide p P delays from teleseismic data. An elastic p P reflection coefficient of -0.9 is used for each master event. This is the simplest assumption to make and worked very successfully for the Amchitka analysis in Paper 1. When smaller reflection coefficients were assumed in that study there was little, if any, improvement in Nw, and the resulting $-values vary by only a few per cent. Recalling that the intercorrelation analysis is most sensitive to differences in p P parameters between events, these selections are not extremely critical, though the particular values are realistic. As a test of the p P delays given by Springer, we performed an intercorrelation of 18 pairs of waveforms for GREELEY and SCOTCH. A p P delay of 0.97 s. given by Springer (1 974), was used for the former event. and the p P delay for SCOTCH was determined by minimizing the waveform norm. SCOTCH has a yield of 155 kt and was overburied at a depth of 978 m. GREELEY was buried at a depth of 12 15 m. Springer (1 974) gives a SCOTCH p P delay of 0.9 1 s, close to that for GREELEY. The best p P delay found for SCOTCH is 0.95 s, which compares well with Springer's (1 9 74) result. A similar test using BOXCAR and its p P delay (0.96 s) given by Springer (1974) gives the same result for SCOTCH. This indicates that a p P delay of 0.95 s is valid for SCOTCH, and Springer's (1974) value of 0.96s for BOXCAR is also used. While these delays are not necessarily the true average delays, they are compatible with the near-in surface records.
The first set of intercorrelations was performed with SCOTCH as a master event. with the following fixed parameters: pP-P = 0.95 s, I p P //I P I = 0.9, K = 10.0, B = 1, $. , , = 1.4 x 10'0cm3. Intercorrelations were performed with each of the other 24 Pahute Mesa events and FAULTLESS, COMMODORE and PILEDRIVER. The non-Pahute Mesa tests were treated exactly the same as the other events. These intercorrelations involved between 16 and 40 pairs of traces. A parameter search was conducted for p P parameters of the secondary events covering the range pP-P = 0.7-1.25 s and 1 pP l/I PI = 0.3-1.5. In every case a minimum in the waveform norm (8) was found giving the preferred p P parameters, and, for that selection, $ , was determined by minimizing the amplitude norm (9). The intercorrelated waveforms for the optimal pP parameters in the SCOTCH : GREELEY intercorrelation are shown in Fig. 6 . The cross-correlation coefficients are very comparable to those for the MILROW : LONGSHOT intercorrelation described in Paper 1, with a similar overall waveform norm (0.156 versus 0.166 for MILROW: LONGSHOT). A 7 s time window, which spans the first 5 s of the original waveforms, was used for the intercorrelations, as was adopted in Paper 1. Fig. 7 shows the sensitivity of the waveform norm to the ppparameters for GREELEY in this intercorrelation, along with the dependence of the $ , estimate for GREELEY on the p P parameters. As was found in Paper 1, the p P delay is better resolved than the l p P l / l P l ratio, and the uncertainty in $-resulting from uncertainty in the p P parameters for GREELEY is about 10 per cent. Similar intercorrelations using SCOTCH as a master event yielded the results in Table 4 . In most cases the waveform norm is less than 0.2, implying an average cross-correlation coefficient of 0.8 or greater. The largest waveform mismatches are for PILEDRIVER, PIPKIN and MUENSTER. In every case the waveform norm is lower than for the CANNIKIN : LONGSHOT intercorrelation in Paper 1 (0.30). The events with anomalous p P parameters are ESTUARY (I p P l/l P I = 1 S ) , COMMODORE (I pP 1/1 P I = 1..5), and MUENSTER (pP-P = 1.3 s). Previous estimates of p P delays for Pahute Mesa events are listed in Table 5 , with those given by Springer (1974) being very consistent with the values in Figure 6 . Intercorrelation of SCOTCH and GREELEY for the optimal p P parameters given in Table 4 .
The top trace in each pair is the SCOTCH observation, SO, convolved with the GREELEY effective source function, G,, and the lower trace is the GREELEY observation, GO, convolved with the SCOTCH source function, S,. The normalized cross-correlation coefficients for each station are shown below each trace pair. The effective source functions are shown on the right. K = 10 for SCOTCH and K = 7.5 for GREELEY.
depth in Fig. 8 . A slight increase in delay is observed as a function of depth, and only MUENSTER appears to be clearly anomalous. Since all of these delays are longer than predicted for the known overburden velocities, it is not surprising to find scatter in the figure. While the overall waveform norms for each intercorrelation are generally quite low, which is encouraging because it supports the simple source model adopted, it is of interest to investigate the residual misfit further. Fig. 9 shows the average waveform norms for the SCOTCH intercorrelations as a function of distance between the intercorrelated events. There is little indication of a separation distance influence for this case. The waveform norm for FAULTLESS is remarkably low considering its distance from SCOTCH, as well as the strong relative amplitude variation between FAULTLESS and Pahute Mesa events seen in Fig. 4 ; nor is there a clear relation between the waveform norm and relative source strength. One might expect events with similar yields to correlate better because of the similarity in K and p P delay, but this does not appear to be the case. For example, JORUM and I pPI / I PI   Nw 0.3 0.4 0.5 0.6 0.7 0.8 09 1 Fig. 10 . The distance separating the events in each case is the same; however, the average waveform norm for the SCOTCH : MUENSTER intercorrelation is significantly higher. This is apparent in Fig. 10 , where stations at azimuths from 60" to 120' have lower cross-correlation coefficients for the SCOTCH : MUENSTER intercorrelation than stations at for each of the other events. A 7 s time window was again used. Since BOXCAR has a longerperiod source function, the intercorrelated waveforms are more heavily filtered than when SCOTCH is used as a reference event. This is illustrated in Fig. 11 , which shows the waveforms for the optimal BOXCAR : GREELEY intercorrelation. Note that the normalized cross-correlation coefficients tend to be higher than for the SCOTCH : GREELEY intercorrelations, and the traces are generally smoother. The results of all 27 intercorrelations Figure 11 . Intercorrelation of BOXCAR and GREELEY for the optimal p P parameters given in Table 6 .
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The conventions are the same as in Fig. 6 . K = 7 for BOXCAR and K = 7.5 for GREELEY.
with BOXCAR as a master event are listed in Table 6 . The longer-period character of the intercorrelated waveforms appears to give less resolution of p P delay times, though the results are generally comparable to those found in the SCOTCH intercorrelations. MUENSTER again has an anomalously large p P delay time. Note that the estimates are uniformly larger than those found for the SCOTCH intercorrelations, which will be discussed in detail below. Plotting the waveform norms as a function of distance between BOXCAR and the secondary events reveals a clear tendency for the residual misfit to increase with separation distance as shown in Fig. 12 . Events PIPKIN and PURSE are relatively nearby but have large residual misfits, which may partially be due to their large difference in yield from BOXCAR. FAULTLESS again has a surprisingly low waveform mismatch.
When INLET was used as a master event, a p P delay of 0.90 s was adopted, which was determined by the SCOTCH : INLET intercorrelation. The other INLET source parameters were lpPl/l PI = 0.9, K = 9.0, B = 1, $-= 3.0 x 1010cm3. The signal-to-noise ratio was somewhat poorer for the INLET observations than for the other cases, but reasonably good intercorrelation results were obtained. This is indicated by the waveforms for the Table 6 . Intercorrelations with BOXCAR as master event.
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(BOXCAR pP-P = 0.96 s, p P / P = 0.9, $ = 1 3~1 0~~ cm3) m 03 Table 7 . The conventions arc: the same as in Fig. 6 . K = 9 t'or INLET and K = 7.5 for GREELEY.
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6.0, less than 1/2 the value found in the near-field modelling. However, this discrepancy is close to that implied by the difference in f" estimated from forward modelling of the average teleseismic amplitudes, which is 0.1 5 s larger for BOXCAR. This indicates that the near-field results may be biased for BOXCAR, or possibly the teleseismic amplitudes are anomalously low. Since the intercorrelation method provides relative source strength estimates, the relative values of can still be compared between the master events. Similar to the SCOTCH intercorrelations, the INLET intercorrelations with ESTUARY, MUENSTER, COMMODORE, and STINGER result in anomalous p P parameters. It was discussed at length in Paper 1 that these are not necessarily the true p P parameters, because inadequacies in the source parameterization are compensated by apparent p P parameters. However, the intercorrelation technique is sensitive to relative differences in pP parameters, and Table 7 . Intercorrelations with INLET as master w e n t .
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( I N L E T pP-P = 0.90 s , p P / P ~ 0 . 9 , $-= 3 . 0~1 0~~ cm3) The intercorrelations with MAST as the master event tended to have the largest waveform mismatches. This may reflect the location of MAST near the north-eastern edge of the Mesa (Fig. 1) . The MAST source parameters used were: pP-P = 0.9 s, I p P l/l P I = 0.9, K = 8, B = 1, $-= 4.3 x 10'0cm3. Fig. 14 shows the intercorrelated waveforms for the optimal MAST : CREELEY intercorrelation. Note that the cross-correlation coefficients tend to vary more and are generally lower than for the other master event intercorrelations with GREELEY. The results for all 27 intercorrelations with MAST as a master event are listed in Table 8 . The $-values are generally similar to those found using SCOTCH and INLET as master events, and the BOXCAR value is again about a factor of 2 lower than the near-field result. ESTUARY and MUENSTER have anomalous p P parameters, as d o HALFBEAK and POOL. MAST had the largest number of observations of the four master events, and more than 28 station pairs were intercorrelated for each event, with over 1050 waveforms being utilized to obtain the results in Table 8 . There is a weak tendency for the closest events (such as STINGER and HALFBEAK) to have lower waveform norms, while more distant events (COMMODORE and PILEDRIVER) have significantly larger waveform norms. The p P delays also tend to be slightly larger than those found for the other master events, indicating that a shorter p P delay for MAST may be appropriate.
Comparison of $-and relative amplitude measurements
The source strength estimates presented in Tables 4, 6 BOXCAR appears to have too large a \cI-compared with the other three master events. This probably results from contamination of the near-field records for BOXCAR. Since the Gm values are still accurately determined relative to each master event, their comparison is facilitated by dividing each by the \ cI , found or assumed for BOXCAR. These ratios are listed in Table 9 . The consistency of the majority of the \cIm estimates is readily apparent, though there are a few events for which the different master events give different relative values. In order to combine the results for different master events to obtain 'average' relative Jlm determinations, a least squares procedure was used. Multiplicative factors were found for each master event that simultaneously minimize the scatter in the four \cIm estimates for each of the 25 Pahute Mesa events. The multiplicative factors are then removed to combine the results for the different master events. This frees the Jlm estimates from dependence on the master event $~, s but no longer necessarily gives the true \cIm levels. The output of the inversion is shown in Fig. 15 , where the estimates for different master events have different symbols. As expected, the adjustments between SCOTCH, MAST and INLET were small, (MAST p P -P = 0.90 5 , p P / P = 0.9, *m = 4.3X1Ol0 cm3) Table 1 with the nornialized relative source strengths.
Grnc froni the combined master event inversion (Table 9) , with (filled symbols) and without (empty symbols) source velocity corrections for the shallow events. The curves are for the regressions in equation (10). Estimating yield by analytical waveform comparison 23 while the BOXCAR adjustment was larger. The averages of these values for each event are considered to be our best relative $-estimates. These averages were divided by the average for BOXCAR and are also listed in Table 9 . No weighting was applied in the inversion, though reasonable weighting schemes would employ the number of observations for each intercorrelation and the residual waveform norm. The non-Pahute Mesa events were not included in this inversion.
The normalized relative source strength estimates from the combined inversion, $-, (Table 9) , are plotted against mgb and m E in Fig. 16 . It is clear that the relative amplitude and intercorrelation results are quite consistent. Events SCOTCH. SLED, FONTINA and COLBY show the largest relative mismatches. The $mc values are shown with and without corrections for the depth dependence of the P-wave excitation, which exists if the source velocity increases over the range of burial depths. This was not originally allowed for in the intercorrelation analysis. The Pahute Mesa near-surface velocity model of Hartzell et al. (1983) indicates a P-wave velocity increase of from 2.8 to 3.3 km sC1 at a depth of 0.X km. Thus, the estimates for the seven events buried at depths less than 0.8 km (Table I ) could be increased by a factor of 1.19. Fig. 16 illustrates the effect of this correction, which tends to increase the slope between amplitude and $-measurements. In all cases the relative scatter is reduced, with the exception of TYBO. TYBO was buried at a depth of 0.765 km, which is very close to the 0.8 km interface, so perhaps the correction is not appropriate for this case. The actual velocity structure may be a gradient rather than a localized increase, so there is some uncertainty in the precise correction to make. Note that SCOTCH and SLED no longer deviate from the general trends. Variance weighted regressions with the revised While the slopes are all close to unity, the closest is for mgb. Applying period corrections in the amplitude measurement increases the linearity between the amplitude and $-estimates. This reflects the large range in yield of the events and the discernible shifts in dominant period. The mgb values differ from the Aab/T results principally in the slight differences in station weighting due to the different spreading corrections and logarithmic averaging. It appears that mgb provides the best agreement with the intercorrelation results, if a linear relation with $-is reasonable.
The question arises as to whether we should really expect a linear relation between mgb
and $-. This should only be true if the period correction in the magnitude calculation accounts completely for the change in K with yield. The increase in slope observed between the ab and mgb regressions suggests that this is at least partially occurring. It is of course important to emphasize that this agreement is only expected for events with p P delays long enough to permit a clean measure of the direct P amplitude. The pP effect on the bc type measurements clearly tends to decrease the slope for the lag times involved. It is possible for i ? Lay TabIe 10. Empirical yieid estimates ( K t ) from amplitude measurements.
E v e n t FONTINA, INLET, JORUM, MUENSTER, and SLED. The yield estimates for the three non-Pahute Mesa tests are based on using the values in Table 1 and equations ( 1 l ) , though these events were not included in determining the yield relations. A similar procedure was used to establish empirical relations between yield and the $ , 
The event names identify the master event in each case. These yield-scaling relationships are for B = 1. The corresponding expression found in Paper 1 for the Amchitka events is
It is important to note that both the baseline and the slope differ between the two test sites, which provides a strong motivation for using empirical relations between $rn and yield rather than existing scaling laws. The relatively low yield exponent for the SCOTCH results, compared with the other master events, suggests that there may be some contamination of SCOTCH, perhaps associated with its overburial. This, along with the variation in baseline between master events, indicates the importance of using several master events in the intercorrelation process, for no single event will be a perfect master event. The yield-scaling exponent of the BOXCAR, INLET, MAST and COMBINED results shows little scatter, and has a value close to the long-period theoretical scaling (Bache 1982) :
y 0 . 8 9 .
This suggests that, unlike for the Amchitka events, B does not vary significantly with yield for the Pahute Mesa tests, though it is not known whether B = 1 is appropriate or not. Yield estimates based on the empirical $,-yield scaling relations above, using the source velocity corrections, are given in Table 11 . The estimates in Tables 10 and 1 1 are generally quite compatible, though the intercorrelation results tend to be smaller for CHESHIRE, HALFBEAK, PIPKIN, PURSE and SLED. While formal uncertainties are hard to specify, it appears that both relative amplitude and intercorrelation techniques have about 15 -25 per cent error bounds. Surprisingly, the intercorrelation results are remarkably successful at predicting the non-Pahute Mesa event yields. Events that tended to have anomalous p P parameters, such as ESTUARY, HALFBEAK and MUENSTER, do not have obviously anomalous yield estimates. The empirical approach adopted frees all of these estimates from any bias due to incorrect $rn values of the master events, but the combined inversion results are considered to be the 'preferred' yield estimates from the intercorrelation analysis.
The consistently poor waveform agreement for the different master event intercorrelations with events PIPKIN, STILTON and PILEDRIVER leads us to expect that the yield estimates for these events are relatively poor. It is probable that the yield estimates for different master events are more accurate for events with yields close to that of the master event. For example, the low yield events may be more accurately predicted by the SCOTCH results, and the large yield events by the BOXCAR results. Also, one might expect that 2b I . Lay Table 11 . t r n p i r i u l yicld eEtini;ltcs (Kf) i r o m intercorrelation.
Master E v e n t E v e n t proximity to the master event influences the accuracy of the yield estimates. These considerations require knowledge of all of the actual yields and cannot be fully developed here.
The nature of anomalous events
The intercorrelation procedure provides analytical waveform comparisons allowing systematic differences in waveforms t o be detected. These are manifested in azimuthal patterns in the correlations as seen in Fig. 10 , and in anomalous average p P parameters. The waveform differences can often be detected in the raw data as shown in Fig. 17 , where HALFBEAK and MUENSTER have large secondary arrivals. Given large data sets, it is possible t o seek distance and azimuthal trends in these waveforms. Preliminary efforts along these lines have shown erratic patterns of pP amplitude predictions, but occasional azimuthal patterns of pP delays (Lay et al. 1984e) , which may ultimately be related t o the mechanism producing the anomaly.
The amplitude and waveform variations between Pahute Mesa events probably have several causes. The degree of coupling, free surface interaction, and deep structure of the Mesa probably vary from event t o event. I t is also known that the amount of tectonic release varies substantially between events. Lay et al. (1984b) have made an initial attempt t o test whether there is a signature of tectonic release in the short-period P-waves from Pahute Mesa explosions. The long-period body wave and surface wave studies they review demonstrate that there was high stress drop, strike-slip tectonic release accompanying several Pahute Mesa events, particularly MUENSTER, BENHAM and GREELEY. The azimuthal variations of short-period ab amplitudes for Pahute Mesa events are consistent in orientation with the sin (24) P-wave radiation patterns for the known tectonic release radiation. Events with large F factors were shown by Lay et al. (1984b) the possibility that tectonic release is responsible. Such an explanation would require that all of the Pahute Mesa events are similarly affected. While tectonic release may contribute to the Pahute Mesa amplitude pattern for all events, an important question for the intercorrelation procedure is whether the waveform variations are due to variable tectonic release. Fig. 18 compares the observations for the high tectonic release event GREELEY with the low tectonic release event COLBY, as a function Figure 18 . Comparison of short-period P waveforms for GREELEY (top trace) and COLBY at different azimuths from the source region. The azimuth of each station is indicated in the centre. Within the circle. thc P-wave radiation pattern for the tectonic release orientation for GREELEY, as constrained by longperiod observations, is shown. The negative lobes would be the quadrants with opposite polarity to the explosion arrival.
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T. Lay of azimuth around the double couple radiation pattern for GREELEY. If tectonic release does affect these waveforms, it must produce subtle effects. However, the synthetic calculations presented by Lay et al. (1984b) indicate rather subtle azimuthal variations in waveforms, particularly for finite source models. Given the additional complexities due to receiver functions, and the presence of some tectonic release for all Pahute Mesa events, the net effects of differential tectonic release could be very hard to detect. A systematic investigation of our intercorrelation results as a function of position within the Mesa, long-period F factors, and near-field observations of spa11 should throw light on these questions. At present we have not attempted to account for possible tectonic release contamination of the waveforms, but it is clear that only by a procedure like intercorrelation will we be able to quantitatively account for tectonic release if it does in fact affect events of interest.
Up to this point we have emphasized the Pahute Mesa results, since 90 per cent of our data is for those events. In both the amplitude (except when averaging the amplitudes) and intercorrelation analyses, we treated FAULTLESS, PILEDRIVER and COMMODORE as though they were additional Pahute Mesa events, just as one would initially treat foreign events close to but outside a well-studied test site. The intercorrelation results gave large residual waveform mismatches for COMMODORE and PILEDRIVER and anomalous pP amplitudes for COMMODORE. FAULTLESS generally intercorrelated well, and the yields were successfully predicted for all three events, despite these problems. The latter result appears to be rather fortuitous, for very large amplitude scatter was found for each intercorrelation.
The combined information in the waveform norms, p P parameters, and differences in azimuthal amplitude patterns between these events permits ready identification of the Pahute Mesa events as comprising a distinct test site from Yucca Flat, Climax Stock, and the FAULTLESS site. Since there are several events within the Mesa with equally high waveform mismatches, and with anomalous pP parameters, it appears that the azimuthal amplitude behaviour is critical to defining the distinct test site. This aspect is readily quantified in the intercorrelation analysis by computing the variance in each $-estimate.
Condusion
Intercorrelation analysis has been performed for a large number of NTS explosions. A large data set has been collected and processed with four objectives in mind: first, to establish a reasonable procedure for performing intercorrelation for a test site given detailed knowledge , of only a few master events; second, to obtain source strength estimates for a large number of events to compare with other yield estimation procedures; third, to identify and characterize anomalous events; and finally, to establish the decision-making process for defining distinct test sites. We have adopted a largely empirical approach to applying the intercorrelation analysis, maximizing the advantages of the limited information available for a master event. The crucial master event information is the yield, seismic source strength, and source function rise time. The latter two values have been shown to be obtainable from near-field strong motion recordings. After establishing the rise time parameter for other events by empirical relations or forward modelling, intercorrelation is performed to obtain $-and p P parameter estimates. Given several known yields, empirical relations can be established to estimate yield, or scaling relations can be directly applied if they are independently confirmed. Careful monitoring of individual station and overall network intercorrelations provides important information on possible anomalies. Optimally, a large set of stations and several master events should be used.
Source estimates have been obtained by intercorrelation for 25 Pahute Mesa tests, along with carefully measured amplitude results. Similar estimates were found for three events outside of Pahute Mesa. Over 1200 waveforms were analytically analysed to obtain these estimates. The results for four master events have been compared and combined to give relative source strength estimates. The need for more than a single master event was made clear when one of the master events (BOXCAR) was found to be inconsistent in baseline with the other three. Comparison of the average amplitude measures with the source strength estimates obtained by intercorrelation provides strong support for the reliability of the waveform analysis. Application of source velocity corrections to the intercorrelation results leads to a linear relation between mgb and averages. This is the expected result for the Pahute Mesa events for which pP delays are so long that mtb is not affected by the p P arrival. Yield estimates are presented for both the amplitude and intercorrelation results.
Some initial progress has been made on understanding the nature of anomalous events detected by the intercorrelation analysis. A critical aspect of detecting and characterizing anomalous events is good azimuthal station coverage. Azimuthal variations in the original traces and individual intercorrelation norms and pP parameters are generally observed for anomalous events. Further detailed inspection of the pP variations will shed light on the complex free surface interaction. The possible effects of tectonic release on Pahute Mesa events have been considered. While a reasonable tectonic release model may account for some of the azimuthal variation in ab amplitudes, which have a clear sin(2G) pattern, the waveform effects must usually be small and similar from event to event.
On the basis of intercorrelations and amplitude comparisons between Pahute Mesa events and FAULTLESS, COMMODORE and PILEDRIVER, it has been possible to identify the events within Pahute Mesa as belonging to a distinct test site (except for a few anomalous events). Both waveform differences and relative amplitude variations are used as criteria for defining a distinct test site, with the latter providing the most robust diagnostic.
